A region along chromosome 7q was recently linked to components of the metabolic syndrome (MetS) in several genome-wide linkage studies. Within this region, the CD36 gene, which encodes a membrane receptor for long-chain fatty acids and lipoproteins, is a potentially important candidate. CD36 has been documented to play an important role in fatty acid metabolism in vivo and subsequently may be involved in the etiology of the MetS. The protein also impacts survival to malaria and the influence of natural selection has resulted in high CD36 genetic variability in populations of African descent. We evaluated 36 tag SNPs across CD36 in the HyperGen population sample of 2020 African-Americans for impact on the MetS and its quantitative traits. Five SNPs associated with increased odds for the MetS [P 5 0.0027 -0.03, odds ratio (OR) 5 1.3 -1.4]. Coding SNP, rs3211938, previously shown to influence malaria susceptibility, is documented to result in CD36 deficiency in a homozygous subject. This SNP conferred protection against the MetS (P 5 0.0012, OR 5 0.61, 95%CI: 0.46 -0.82), increased high-density lipoprotein cholesterol, HDL-C (P 5 0.00018) and decreased triglycerides (P 5 0.0059). Fifteen additional SNPs associated with HDL-C (P 5 0.0028 -0.044). We conclude that CD36 variants may impact MetS pathophysiology and HDL metabolism, both predictors of the risk of heart disease and type 2 diabetes.
INTRODUCTION
The metabolic syndrome (MetS) is a cluster of risk factors that increase susceptibility to cardiovascular disease (4-fold) and type 2 diabetes (T2DM) (7 -34-fold) (1, 2) . Its components, which include hypertension, obesity, insulin resistance and dyslipidemia, are influenced by both environmental and genetic factors. Current estimates indicate a prevalence (age-adjusted) of 25% (3, 4) for the MetS in the USA and UK which continues to increase at alarming rates in parallel with obesity. Thus, understanding genetic variations that increase susceptibility to the MetS and its risk factors is important.
A region of chromosome 7 (7q11.2 -7q21.11) has been linked recently to components of the MetS in several genomewide linkage scans (5 -8) . This region contains the CD36 gene, which encodes for a membrane protein that facilitates fatty acid (FA) uptake and utilization by key metabolic tissues (9, 10) . FAs could impact MetS susceptibility since they have been shown to induce insulin resistance, obesity and inflammation (11) . In addition to FAs, CD36 binds native lipoproteins (12, 13) and functions in the uptake of cholesteryl esters although less efficiently than its family member SR-B1. CD36 also facilitates uptake of oxidized low (14) , and high-density lipoproteins (15) , likely recognizing the modified lipids in these particles. Recent studies also implicate CD36 in cholesterol uptake by enterocytes (16) . As a result of its many ligands and functions, CD36 could impact a variety of conditions linked with the MetS, including insulin resistance, inflammation and atherosclerosis (17, 18) .
The CD36 gene spans 36 kb and is comprised of 15 alternatively spliced exons that are differentially regulated by several upstream promoters (19) . Single nucleotide polymorphisms (SNPs) in CD36 gene are frequent in humans (http://pga. mbt.washington.edu/). Physiological significance has been examined in a number of studies. In Caucasians from Italy and the USA, common haplotypes in CD36 associated with abnormalities of serum FA, triglyceride (TG) levels and increased risk of coronary artery disease (20) . In a French population, a rare mutation (21) was linked with insulin resistance while a promoter variant was associated with low adiponectin in diabetes subjects (22) . In a Dutch population, a promoter SNP was also more common in subjects with diabetes (23) . CD36 deficiency, rare in Caucasians (,0.3%), is at least 10 times more frequent in Asians and African-Americans (3 -6%) (24, 25) . Polymorphisms in the gene are also more common in these populations when compared with Caucasians, likely reflecting the influence of natural selection (26, 27) linked to malaria susceptibility (28, 29) since CD36 is a receptor for Plasmodium falciparum infected erythrocytes. Analysis of genes influenced by natural selection may facilitate identification of variants involved in the etiology of complex diseases. To our knowledge, there are no large-scale population studies regarding the metabolic impact of CD36 deficiency. Reports with a small number of subjects suggested that it was associated with abnormal glucose metabolism and altered serum lipids (17, 30) . Findings of insulin resistance, mild hypertension and low HDL-C levels lead to the suggestion that CD36 deficiency is a risk factor for the MetS (25) . In rodents, the metabolic phenotype of CD36 deficiency includes high blood TG and FA due to slow lipid clearance (31, 32) and high HDL-C in mice (33) . The CD36 null mouse exhibits peripheral insulin sensitivity (34) and hepatic insulin resistance (35) , and also the spontaneously hypertensive rat with CD36 deficiency is insulin resistant (31) .
This report is the first large-scale study to investigate the role of CD36 genetic variations in the etiology of the MetS. Our findings identify significant associations between relatively common variants in the gene, the MetS and also serum HDL-C levels.
RESULTS

Characteristics of the sample population
Thirty-six CD36 tag SNPs with minor allele frequencies (MAFs) !5% (Table 1) The metabolic syndrome Figure 1A presents the results of the logistic regression model for the effect of CD36 SNPs on the MetS and its components adjusted for age, gender, BMI and field center. Six SNPs (SNP ID: 17, 31, 32, [34] [35] [36] with MAFs ranging from 6.5 to 23.6% showed significant association with the MetS (P , 0.05), four of which (31, 32, 35, 36) (Fig. 1B) . In contrast to the above SNPs, the minor allele for SNP 32 decreased the odds of MetS by 39% ( Table 2 ). The original analysis was performed using the NCEP 2001 guidelines for fasting glucose (.110 mg/dl); however, the analysis was repeated using the current fasting glucose criteria (.100 mg/dl), which resulted in similar findings. Additionally, the associations with the MetS were similar when adjusted and unadjusted for BMI (data not shown) as well as when adjusted for waist circumference (Supplementary Material, Table S3 ). SNPs 17 and 31 are located in introns 3 and 9, respectively, while SNPs 34, 35 and 36 are located in the 3 0 untranslated and the 3 0 flanking locus region. SNP 32 is a non-synonymous polymorphism located in exon 10 of CD36 and is predicted to result in premature truncation of the protein (28) .
Components of the metabolic syndrome
HDL-C and TG. We further examined whether any of the 36 tag SNPs were associated with components of the MetS (Fig. 1A) , using an additive regression model adjusted for age, gender, BMI and recruitment center. Association with triglyceride concentrations was identified only at coding SNP 32, which decreased TG levels by 8% (b ¼ 28.0% per allele, P ¼ 0.006). Adjustment for multiple testing yielded an FDR of 0.09. Table 3 displays parameter estimates for 16 SNPs that were found to associate with HDL-C levels (P 0.05). The MAF for these SNPs ranged between 9.4 and 46%. Minor alleles at 9 of the 16 SNPs were associated with increased HDL-C concentrations as opposed to decreased HDL-C for the remaining 7. Coding SNP 32 (MAF 9.4%) showed the strongest effect with a predicted increase in HDL-C of 5.5% for the minor allele ('G'), (P , 0.0002, FDR 0.02). FDRs were ,0.05 for SNPs 1, 15 and 22 (MAF of 23, 35 and 46%, respectively).
In a previous HyperGEN analysis, HDL-C showed a negative correlation with TG concentration (36) . It has also been shown that TG levels impact HDL-C concentrations as a result of lipid transfer between blood lipoproteins (37) .
Thus, all HDL-C-associated SNPs were adjusted for TG. After this adjustment (Table 3) , the associations with HDL-C remained significant for 14/16 SNPs indicating that the effects on HDL were largely independent of TG. Consistent with this observation, the parameter estimates remained the same in magnitude and direction except for coding SNP 32 and for SNPs 9 and 35. For SNP 32, the association was slightly attenuated (b ¼ 0.035, P ¼ 0.012). For SNPs 9 and 35, the association appeared to be confounded by TG (b ¼ 20.018, P ¼ 0.2 and b ¼ 20.017, P ¼ 0.086, respectively).
Although HDL-C distribution levels differ between men and women, we found no significant interactions between gender and SNPs associated with HDL-C and TG (data not shown).
To examine direct impact of significant SNPs on levels of HDL-C and TG, pairwise comparisons across genotype groups adjusted for age, gender, BMI and recruitment center were performed. Figure 2 shows significant differences between genotypes in mean HDL-C levels at SNPs 22 (rs1358337), 1 (rs10499859) and 6 (rs109654). In each case, the magnitude of the increase in HDL-C was positively associated with the number of minor alleles present. Mean HDL-C concentrations were increased between 1.5 and 2.5 mg/dl per allele.
Subjects heterozygous for coding SNP 32 ( Fig. 3A ) had higher (by 4 mg/dl) mean HDL-C when compared with noncarriers, P , 0.0001. Mean TG (Fig. 3B ) was lower (by 2.5 mg/dl), P ¼ 0.0015. These data were consistent with a protective metabolic effect for subjects heterozygous for this allele. In contrast, an opposite trend was observed for subjects homozygous for the minor allele (i.e. G/G) as they had significantly lower mean HDL-C levels when compared with heterozygous subjects (47.8 + 3.3 mg/dl versus 56.1 + 0.8 mg/dl, respectively), P ¼ 0.008. However, when compared to the non-carrier group (i.e. T/T), the difference was not significant (47.8 versus 52.9 + 0.4 mg/dl, G/G versus T/T, respectively), P ¼ 0.096. In Figure 3B , a similar trend for homozygous subjects was observed for TG levels although the differences were not significant. The lack of significance likely reflects the small sample of homozygous (G/G) subjects (n ¼ 9) in addition to large variability in TG levels (standard deviations were +15.4 for T/T, +15.0 for T/G, and +9.9 for the G/G subjects). SNP 32 is predicted to result in a truncated protein and to alter CD36 expression. To determine the impact of this SNP on CD36 level, we genotyped an independent sample of 350 unrelated African-American subjects. The frequency of SNP 32 in this cohort was 9.7% (n ¼ 280 non-carriers, 65 carriers and 1 subject homozygous for the minor allele). Cell surface CD36 expression was evaluated by flow cytometry on monocytes and platelets isolated from subjects identified as noncarriers, heterozygous and homozygous for SNP 32. The subjects were matched for age, BMI and had no history of diabetes mellitus or cardiovascular disease (n ¼ 7, age ¼ 46.0 + 1.5, BMI ¼ 26.7 + 3.43). In Figure 3C , we demonstrate that a subject homozygous for this allele is CD36 deficient as determined from the lack of CD36 expression on both monocytes and platelets by flow cytometry. A subject heterozygous for SNP 32 had reduced levels of CD36 on both cell types. These findings were confirmed by western blotting (Fig. 3D) . Thus, the above difference in serum lipid concentrations between heterozygous and homozygous Figure 1 . Plot of association analysis between 36 CD36 tag SNPs, the metabolic syndrome and its components. The horizontal dotted line indicates a P-value of 0.05 with significant associations above the line. SNPs (X-axis) are displayed according to the order on chromosome 7q (corresponding dbSNP ID shown in Table 1 Associations from logistic regression (additive model) were adjusted for age, gender, BMI and recruitment center. SNPs listed by ascending P-values. SNP ID in Table 1. 1698 (Fig. 3A) may reflect the differing impact of partial versus complete CD36 deficiency on HDL-C and TG.
Fasting plasma glucose. SNPs 18 and 8 showed modest association with plasma glucose (P ¼ 0.05 and P ¼ 0.03, respectively). The minor allele of SNP 8 also associated with decreased waist circumference (P ¼ 0.009). However, neither of these associations remained significant after correcting for multiple tests (FDR .0.05).
Hypertension. SNPs 11, 28 and 32 associated with decreased hypertension risk (OR ¼ 0.70, P ¼ 0.004; OR ¼ 0.63, P ¼ 0.012, respectively). Adjusting for multiple testing yielded FDRs of 0.06 and 0.12, respectively.
DISCUSSION
The region of chromosome 7 (7q11.2 -7q21.11) where the CD36 gene is located has been linked to components of the MetS in several genome-wide scans (5 -8). We evaluated the potential of variations in CD36 to impact susceptibility to the MetS, its components and documented the following: five common CD36 SNPs increased risk for the MetS, whereas a non-synonymous SNP, which results in haploinsufficiency of CD36, associated with lower TG and higher HDL-C levels. The protective effect of this SNP on MetS and serum lipids was not observed in subjects homozygous for the minor allele, suggesting different effects of partial versus total CD36 deficiency. Additionally, strong associations were observed between multiple SNPs and different components of the MetS. The majority of these associations were with serum HDL-C and most remained significant after adjusting for TG levels, suggesting an important role of CD36 in HDL metabolism in humans.
CD36 variants associate with the MetS
Five intronic SNPs, shown in Table 2 , significantly increased odds (29 -40%) for the MetS. Based on the strength of the associations and the frequency of the minor alleles involved (6.5 -23.6%), the risk contributed has potential significance. This risk may also be impacted by environmental factors, which have been shown to increase the effects of genetic variants (38, 39) . Additionally, the MetS strongly increases risk of subsequent T2D and cardiovascular disease. However, the influence of the identified SNPs on these outcomes will need to be examined in large populations. In this context, a common haplotype in CD36 was previously reported to associate with the increased cardiovascular disease in diabetic Caucasian subjects (20) . The above findings together with the key role of CD36 in lipid metabolism suggest that CD36 contributes to individual susceptibility to the MetS and variants in the gene could provide biomarkers for targeted preventive strategies. FASTSNP, a functional analysis tool (40) , was used to predict how the SNPs that associated with the MetS might impact CD36 expression or function. SNP 31 (rs3173804, located in intron 9) was identified as lying in a predicted intronic enhancer sequence homologous to a binding site for CDX1, a caudal-type homeobox transcription factor. CDX1 is restricted to the intestine in humans and involved in regulation of intestine-specific gene transcription and in maintenance of intestinal cell phenotype (41) . Thus, SNP 31 may alter intestinal CD36 expression, which is important for the proximal uptake of FA and cholesterol and for their export into chylomicron size particles (16) . In addition, CD36 deficiency results in postprandial hyperlipidemia consequent to significantly delayed clearance of blood lipids in both humans (30) and rodents (16) .
CD36 variants associate with HDL-C
The finding of strong associations between multiple CD36 SNPs and HDL-C suggests an important role for CD36 in HDL-C metabolism in humans. Furthermore, the most significant SNPs had MAF between 23 and 46%. In vitro evidence previously documented the ability of CD36 to bind HDL with high affinity (12) but the role of the protein in cholesteryl ester uptake from these particles was proposed to be less important than that of SR-B1 (13) . Recent evidence obtained with enterocytes isolated from CD36 null mice supported a role of CD36 in cholesterol transport in the proximal intestine (16) . Such a role was consistent with the defect in cholesterol secretion in the lymph of these mice (42) . However, it is also possible that the effect of CD36 variants on HDL-C is exerted indirectly. For example, it could be mediated by abnormal regulation of PPAR transcription factors. In this context, PPAR delta has been shown to have significant effects on blood HDL-C, as recently reviewed (43) and activity of this PPAR is regulated by CD36-mediated FA uptake (Nahlé Z, Hsieh M, Pietka T, Coburn CC, Grimaldi PA, Das D, Abumrad NA, manuscript in preparation).
Low HDL-C is a major determinant of the MetS and an independent risk factor for cardiovascular disease. Plasma HDL-C levels have a strong hereditary component accounting for 70% of individual variability (38) . Multiple genes related to cellular reverse cholesterol transport and to lipid transfer between various lipoproteins affect HDL-C levels. However, the cumulative effects of variants identified so far are reported to explain less than 20% of the inter-individual HDL-C variance (44) . Small increases in HDL-C have a significant protective effect for numerous cardiovascular outcomes. It is estimated that increasing HDL-C by 1 mg/dl decreases cardiovascular risk by 2 -3%. Individuals with 6 -7 mg/dl higher than average HDL-C have a 20-27% lower risk of coronary disease (45) . Thus, the effects (2 -5 mg/dl) we identified are suggestive of physiological significance.
The direction of the effects on HDL-C (increase versus decrease) likely reflects the underlying alterations in CD36 expression/function or tissue distribution. FASTSNP identified SNP 19 (rs3173798, intron 3) to be located in a potential splice site while SNP 22 (rs1358337) was within a predicted intronic enhancer sequence similar to an Oct-1 and/or Retinoid-related orphan nuclear receptor alpha (RORa), binding site. RORa is involved in the regulation of FA catabolism and of HDL-C and attenuating RORa is associated with repression of CD36 expression in muscle cells (46) . Our data may suggest that either regulation of CD36 by RORa influences HDL-C or alternatively that CD36 function modulates this nuclear receptor. Additional studies are needed to assess the true biological function of these SNPs. Possible LD between these SNPs and potentially unidentified causative variants will also need to be considered by extensive re-sequencing of the CD36 gene.
CD36 deficiency
The observation that carriers of SNP 32 (rs3211938) who are haploinsufficient for CD36 are protected against the MetS and exhibit increased HDL-C and decreased TG is a significant finding. This polymorphism results in a T to G substitution at nucleotide 1264 in the mRNA sequence (Accession Number: NM_000072.2) and leads to the insertion of a stop codon at amino acid 325 (UniProtKB Entry: P16671). As shown in Figure 3C and D, this mutation results in CD36 deficiency in the homozygous state. The data with heterozygote subjects would indicate that down-regulation of CD36 expression has a beneficial effect on blood lipids and is protective against the MetS. Although limited by the small number of individuals involved (n ¼ 9), the data with subjects homozygous for the minor allele at SNP 32 suggest that the beneficial effects of haploinsufficiency are reversed in total CD36 deficiency. Homozygote subjects deficient in CD36 have a deleterious plasma lipid profile (Fig. 3) consistent with the previous reports from the studies conducted in a small number of CD36 deficient Japanese subjects (25) . Opposite outcomes of partial versus total CD36 on lipid metabolism and susceptibility to the MetS may reflect the effect of both conditions on lipid utilization. For example, complete lack of CD36 may impair the adaptive ability of muscle tissues to transition between utilization of glucose and fatty acids during the stress of fasting or high FA flux, which chronically would promote metabolic pathology (Nahlé Z, Hsieh M, Pietka T, Coburn CC, Grimaldi PA, Das D, Abumrad NA, manuscript in preparation). In contrast, reduced levels of CD36 would allow metabolic transitions and may be beneficial by limiting FA intake under conditions of high FA supply possibly alleviating the associated negative cellular effects.
In summary, we present significant evidence for the association between common variants in the CD36 gene and the MetS and its components, particularly HDL-C. Regions of linkage with components of the MetS have been identified on chromosome 7 by whole genome studies across different populations (5-8) consistent with common genetic influences. Our findings suggest that CD36 may contribute to the underlying linkage signal previously reported. Together with the established role of CD36 in tissue lipid utilization and prior knowledge of the influence of natural selection on CD36 variants, our data provide evidence suggesting that Figure 2 . Impact of SNPs 22, 1 and 6 on HDL-C levels (mg/dl +SE) from pairwise genotype comparisons. Mean HDL-C for non-carriers (black bars), for heterozygous (gray bars) and subjects homozygous for the minor allele (white bars). Sample sizes (n) for non-carriers, heterozygous and homozygous subjects (in this order) for SNPs 22 (rs13583337) n ¼ 574, 819, 430, for SNPs 1 (rs10499859) n ¼ 564, 500, 142 and for SNP 6 (rs1049654) CD36 polymorphisms contribute to individual and population variability in blood lipids and susceptibility to the MetS. Finally, examination of genetic variants known to be impacted by natural selection may expedite the identification of genetic influences involved in the etiology of common diseases.
METHODS AND MATERIALS
Subjects
Recruitment and phenotyping of African-American subjects by the Hypertension Genetic Epidemiology Network (HyperGEN) have been previously described (47 
SNP genotyping and data cleaning
Thirty-six tag SNPs across a 50.5 kb region encompassing CD36 were selected based on the predicted function, allele frequencies (MAF . 5%) identified from the public database SeattleSNP and the Yoruba (Ibadan, Nigeria) data from the HapMap Project, and functionality as a tag SNP as determined using Tagger (Haploview) and TAMAL (48) . SNPs were genotyped (Washington University, Department of Human Genetics) using the high-performance Sequenom MassARRAY system, which relies on matrix-assisted laser desorption/ionization-Time-of-Flight (MALDI-TOF) mass spectrometry (49) . SNP rs997906 was represented in two multiplexes yielding duplicate genotypes with 99.6% accuracy.
SNP 32 was genotyped in the cohort of 350 unrelated African-American subjects by pyrosequencing technology and confirmed by PCR-RFLP analysis of genomic DNA extracted from peripheral blood with the Puregene DNA purification Kit (Gentra Systems, Minneapolis, MN, USA).
Mendelian errors for all SNPs were identified using PED-CHECK (50) . Genotypes of individuals with fewer than 90% of SNPs successfully genotyped were considered missing. SNPs were excluded based on call rates ,90%, MAF ,5% or Hardy -Weinberg P , 0.001. As a result, a total of 36 tag SNPs (Table 1) were analyzed with an average density of 1 SNP/1.4 kb.
Statistical analysis
Association between the MetS, its components and SNPs in the CD36 gene were analyzed using regression models implemented in GENMOD (SAS v9.1), which corrects for genotypic and phenotypic correlations among family members. Logistic regression models were used for dichotomous traits (MetS and hypertension) and linear models for quantitative traits. Each SNP was coded using a variable that indicated the number of minor alleles (0, 1 or 2) in each subject. All analyses were adjusted for age, gender, field center and BMI.
The MetS was designated as a dichotomous trait based on its most widely accepted definition by the National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III) 2001 (51), which requires presence of three or more of the following traits: waist circumference .102 cm in men and 88 cm in women, fasting glucose !110 mg/dl, hypertension, TG !150 mg/dl and HDL-C ,40 mg/dl in men and ,50 mg/dl in women). Serum glucose was excluded as a potential MetS criterion for individuals on glucose lowering or insulin sensitizing medications, but they could be considered positive for the MetS if they met three of the remaining criteria. Quantitative traits were log-transformed where necessary to better approximate a normal distribution. Adjustment for tests of association was performed using the FDR in the Q-Value software (52 
Determination of CD36 expression
Fasting venous blood was collected in K2-EDTA tubes and evaluated for CD36 expression on monocytes and platelets (53) by Fluorescence Activated Cell Sorting (FACS) using Phycoerythrin (PE)-conjugated monoclonal antibody against CD36 (SMf-Sc7309: Santa Cruz Biotechnology, Santa Cruz, CA, USA) and gating with Fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody against CD14 (BD Pharmigen) for monocytes, and FITC conjugated CD42 (BD Pharmigen) for platelets.
For western blot analysis, whole blood (2 ml) was used for isolation of monocytes and platelets. Monocytes isolated by ficoll separation (Ficoll-Paque PLUS, GE Health), washed in calcium/magnesium free PBS were lysed in SDS buffer (0.5 M Tris -HCl, pH 6.8, Glycerol, 10% SDS w/v and 2-mercaptoethanol with 1% Triton X-100). Platelets were prepared as described (54) and lysed in 250 mM NaCl, 25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 2 ug/ml Aprotinin, 100 ug/ ml PMSF, with 1% Triton X-100. Twenty micrograms of protein was resolved on a 10% SDS-polyacrylamide gel. 
